Mongols, the founders of the largest continental empire in history, successfully adapted to the harsh environments of Inner Asia through nomadic pastoralism. Considerable interest exists in ascertaining whether genetic adaptation also contributed to the Mongols' success, and dissecting the genome diversity of present-day populations in Mongolia can help address this question. To this end, we determined the genotypes of nearly 2.4 million single nucleotide polymorphisms (SNPs) of 96 unrelated Mongolian individuals in Ulaanbaatar city, and performed genome-wide scans for population-specific positive selection. We discovered signatures of Mongolian-specific positive selection at the chromosomal region 3p12.1, in which hits in genome-wide association studies were reported for medical and biological traits related to energy metabolism and reproduction. The top SNP, rs117799927, showed a distinctive geographic distribution: the frequency of the derived allele, rs117799927 G, was extremely low among worldwide populations (0.005) but exceptionally high in Mongolians (0.247). Approximate Bayesian computation-based age estimation showed that the rs117799927 G allele emerged or positive selection began to operate 50 generations before the present, near the age of the climate anomaly named Late Antique Little Ice Age. Furthermore, rs117799927 showed significant associations with multiple adiposity-related traits in Mongolians and allelic difference in enhancer activity in cells of adipocyte lineage, suggesting that positive selection at 3p12.1 might be related to adaptation in the energy metabolism system. These findings provide novel evidence for a very recent positive-selection event in Homo sapiens and offer insights into the roles of genes in 3p12.1 in the adaptive evolution of our species.
Introduction
Most of Inner Asia consists of deserts and dry steppe that are not suitable for crop farming. Modern humans adapted to life in this area through nomadic pastoralism and have successfully built dozens of nomadic nations since the Late Bronze Age. The Mongol Empire, founded by Genghis Khan in the 13th century, was the most successful nomadic nation: it dominated the largest contiguous land area in history. The territorial expansion of the Mongol Empire facilitated cultural exchanges between Asia and Europe and left notable effects on the genetic structure of Eurasians (Zerjal et al. 2003) . Most of the present-day Mongolian populations are considered the direct descendants of the Mongol Empire, and a considerable number of Mongolians continue to maintain the traditional nomadic lifestyle. Genetic studies on current Mongolian populations enable evaluation of the impact of the Mongol Empire on the genetic structure of Eurasians and the genetic relationships of worldwide populations in more ancient times (Kolman et al. 1996; Merriwether et al. 1996; Zerjal et al. 2003; Bai et al. 2014) .
Dissecting the genome diversity of present-day Mongolians can help uncover evidence for genetic adaptation to harsh environments (low precipitation, fluctuating temperatures, exposure to zoonotic pathogens, and heavy lipid load in diets). A recent genome-wide scan successfully detected signatures of positive selection at loci related to hypoxia, antimicrobial resistance, and metabolism in a Mongolian population in Qinghan-Tibetan Plateau (Xing et al. 2013 ). However, the single nucleotide polymorphism (SNP) genotyping array used in the study (Affymetrix SNP array 6.0) did not cover a large proportion of variants archived by the 1000 Genomes Project (1KGP) (The 1000 Genomes Project Consortium 2015), and, furthermore, the moderate number of genotyped samples (26) and the recent admixture with Tibetans might have diminished the power required to detect positive-selection signatures. Thus, substantial numbers of selection signals likely remain to be captured.
In this study, to detect signatures of recent positive selection in the Mongolian genome, we determined the genotypes of nearly 2.4 million SNPs in a Mongolian population in Ulaanbaatar (referred to as MGU), which was comparable in size (96 unrelated people) to the latest 1KGP data set. We performed a genome-wide scan for positive-selection signals in MGU, using criteria that strictly excluded selection signals shared with 1KGP East Asian populations (1KGP-EAS), and identified 18 genomic regions subjected to recent positive selection only in MGU. Moreover, to evaluate the phenotypic and functional significance of a SNP located in one of the genomic regions that showed a strong selection signal, we performed genetic-association analyses on adiposity and in vitro functional analyses of enhancer activity.
Results

Population Structure of Mongolians
Genotype principal component analyses (PCA) showed a close relationship of MGU with 1KGP East Asians and also discriminated MGU from these populations. A similar pattern was observed in PCA of MGU and Human Genome Diversity Project-Centre d'Etude du Polymorphisme Humain (HGDP-CEPH) panels (supplementary figs. S1 and S2, Supplementary Material online). ADMIXTURE analyses showed that the largest fraction of ancestry of MGUs was mainly shared by ethnic groups in Central and Northeast China (Daur, Hezhen, Oroqen, and Xibo), and by Siberians (Yakut). Interestingly, this fraction was present to a lesser extent in southern populations including Japanese, Han Chinese, and other ethnic groups in Southeast Asia. Moreover, gene flow from European and South Asian population was observed as previously reported (Xing et al. 2013; Bai et al. 2014 ) (supplementary figs. S1 and S2, Supplementary Materials online).
Mongolian-Specific Selection at 3p12.1 A total of 133 SNPs showed a signature of MGU-specific positive selection. Table 1 presents a summary of the genomic regions containing multiple hits. The largest cluster of the selection signals was located in the 86.02-87.24-Mb region of chromosome 3p12.1, which was previously reported to be associated with multiple traits at genome-wide significance levels: onset of menarche and pubertal growth (Elks and Ong 2011; Cousminer et al. 2013; Perry et al. 2014) , obesityrelated traits (Speliotes et al. 2010; Berndt et al. 2013; Locke et al. 2015) , information processing speed (Ibrahim-Verbaas et al. 2016) , and prostate cancer risk (Eeles et al. 2008; Berndt et al. 2015) . This region covered the entire intergenic region between the genes encoding cell adhesion molecule 2 (CADM2) and vestigial-like family member 3 (VGLL3) ( fig. 1A ). Of the 23 SNPs in this cluster, 16 SNPs were significant in MGU in both jnS L j and jiHSj (the absolute values of the new haplotype-based statistic and the integrated haplotype score, respectively; see Materials and Methods) (supplementary fig. S3 , Supplementary Material online), and, moreover, only 1 SNP was significant in the 1KGP populations (supplementary tables S1 and S2, Supplementary Material online). The nearest selection signal that was common in MGU and 1KGP-EAS was located 2.8 Mb from the edge of the cluster, which supports the view that the positive selection was exclusive for MGU (supplementary table S3 , Supplementary Material online). Among the SNPs that were significant in both the iHS and nS L tests, rs117799927 showed the highest degree of population differentiation (single-locus fixation index (F st ) ¼ 0.377, P ¼ 8.5E-19) (supplementary fig. S4 , Supplementary Material online). The haplotype structure and the extended haplotype homozygosity (HH) plot indicated that the derived G allele of rs117799927 likely underwent natural positive selection in MGU ( fig. 1B and C) . The G allele frequency in MGU was 0.247, which was strikingly higher than that of the 1KGP populations: the G allele was detected at very low frequencies in 1KGP-EAS and was absent or nearly absent in other 1KGP populations ( fig. 1D ). The G allele was also detected among several HGDP-CEPH panels, particularly with high prevalence in ethnic minorities in East Asia and Siberia, including Daur, Hezhen, Oroqen, Tu, Uyghur, Xibo, and Yakut 16 SNPs were identified to be in strong linkage disequilibrium (LD) with rs117799927 in MGU (r 2 > 0.8). Through haplotype analyses of these SNPs, rs117799927 G allele was assigned to a single haplotype, which showed a striking difference in frequency between MGU and the 1KGP populations (P ¼ 5.6E-51, chi-square test). This haplotype consisted of the derived alleles of all the SNPs, and except in the case of one SNP site (rs78885321), the haplotype did not correspond to archaic hominine haplotypes. Based on taking these findings together with the observation that rs117799927 G is almost absent in European and African populations, we conclude that rs117799927 G arose recently in modern humans.
Age of rs117799927 G
The results of HH-based tests and F st tests indicated that rs117799927 G has been subjected to recent positive selection. To estimate the age of rs117799927 G, a computer simulation was performed using a stochastic population-genetics model (two-locus two-allele model) that assumed positive selection, random genetic drift, and recombination (see Materials and Methods for details). In the simulation, two SNP markers, rs76972735 and rs72924317, which were in LD with rs117799927 in MGU (supplementary fig. S7 , Supplementary Material online), were used separately, and positive selection was assumed to act on rs117799927 G. The decay of LD between rs117799927 and a marker SNP due to recombination was used to determine the age of rs117799927 G. The rejection method (Ohashi et al. 2004 (Ohashi et al. , 2011 Kawashima et al. 2012 ) was applied to accept only simulation runs that yielded results similar to the observed haplotype frequencies and r 2 (supplementary table S5, Supplementary Material online). For each SNP marker, 300 simulation runs were accepted, and the posterior distribution of the selection coefficient (supplementary fig. S8 , Supplementary Material online) and the age distribution were obtained. The mean (95% credible interval) of the age for rs76972735 as a SNP marker was 53.7 (12.8-174.7) generations ( fig. 2A ) and that for rs72924317 was 47.2 (9.0-161.5) 
generations (fig. 2B
). These results suggest that rs117799927 G emerged $1,500 years ago in MGU, assuming that one generation corresponds to 30 years (Fenner 2005; Matsumura and Forster 2008) . Thus, positive selection against rs117799927 G appears to have begun to operate $1,500 years ago. In the computer simulation for estimating age of rs117799927 G, the prior distribution of selection coefficient (s) was assumed to be uniform with a high upper bound (i.e., 0.5). Such a high upper bound of s could result in extremely young age estimation. To obtain more conservative estimates of selection age, a uniform prior of s between 0 and 0.2 was also used. The mean (95% credible interval) of the age for rs76972735 as a SNP marker was 73.1 (28.5-195.0) generations ( fig. 2C ) and that for rs72924317 was 68.7 (29.0-174.6) generations ( fig. 2D ). The mean estimated age from the uniform prior of s between 0 and 0.2 was slightly older (2,130 years ago) than that of the model with the larger prior distribution but the median of the estimates was highly comparable (1,620 years ago).
Influence on Phenotypes
To our knowledge, the biological significance of rs117799927 has not been assessed to date. In a previous study, we obtained several measurements for adiposity in 666 community-based nondiabetic Mongolian individuals (Munkhtulga et al. 2010) (table 2) . In this study, we examined the possible association of rs117799927 G with the adiposity measurements (supplementary Methods, Supplementary Materials online). The homozygote of rs117799927 G was significantly associated with lower body mass index (P ¼ 0.00182), body-fat percentage (P ¼ 0.00208), waist circumference (P ¼ 0.00018), waist-hip ratio (P ¼ 0.00072), and plasma leptin level (P ¼ 0.00478) in comparison with the A/G and AA genotypes. The G allele did not seem to be associated with severe leanness. Of the 18 individuals homozygotic for the G allele, 14 were in the range of "normal weight" (body mass index 18.5-25.0, according to definition by the World Health Organization), and moreover, other measurements also support the healthiness of individuals with the GG genotype. It should be noted that rs117799927 was not in LD with any SNP discovered in previous genomewide association studies for obesity (Speliotes et al. 2010; Berndt et al. 2013 ) in MGU.
Enhancer-Reporter Assay
Since rs117799927 was located in the intergenic region between CADM2 and VGLL3, we examined the possible involvement of rs117799927 in altering the activity of enhancer elements (supplementary Methods, Supplementary Materials online). We performed luciferase-based enhancerreporter assays using 3T3-L1 preadipocyte cells, which are widely used in studies on adipocyte development and function. Reporter vectors carrying 1-kb sequences centered around rs117799927 were cotransfected with pRL-SV40 vector into 3T3-L1 cells. Absence of other polymorphic sites in 1kb sequences was confirmed by direct sequencing. These 1-kb sequences increased the expression of the reporter gene and, moreover, the construct derived from rs117799927 G allele showed higher activity than did the construct derived from rs117799927 A allele ( fig. 3 ). This relatively stronger enhancer activity measured with the G allele was further validated using two other cell lines, HepG2 and 293T (supplementary fig. S9 , Supplementary Material online). In silico prediction of transcription factor occupancy indicated that the G allele, but not the A allele, was capable of binding to pregnane X receptor (PXR)/retinoid X receptor-alpha (RXRA) heterodimer, vitamin D receptor (VDR), and forkhead box P3 (FOXP3). Absence of Selection at Alcohol-Metabolizing Genes in MGU Table 3 shows a list of genomic regions that harbor signatures of natural positive selection among 1KGP-EAS but not MGU (the SNPs are listed in supplementary table S6, Supplementary Material online). The largest region identified was the 99.9-100.3-Mb region of chromosome 4, which contains the alcohol dehydrogenase gene (ADH) cluster that is known to have undergone recent positive natural selection in East Asians, mainly in Han Chinese and Japanese (Voight et al. 2006; Li et al. 2007 ). Intriguingly, the aldehyde dehydrogenase 2 gene (ALDH2) variant associated with alcohol flushing showed a signature of positive natural selection in 1KGP-EAS but not in MGU. To elucidate other functional gene groups showing population differences in selection pattern, we performed enrichment analysis for gene ontology (GO) terms and groups by using the lists of genes that were likely targeted by natural positive selection (supplementary Methods, Supplementary Material online). The most strongly enriched group in 1KGP-EAS included GO terms associated with ethanol metabolism (group P value ¼ 9.6E-6; supplementary tables S7 and S8, Supplementary Material online). The GO terms of this group shared the ADH-cluster genes and ALDH2 and, moreover, contained genes for enzymes that metabolize xenobiotics and retinol, including the cytochrome P450 family 1 subfamily B member 1 gene Very Recent Positive Selection in Mongolians . doi:10.1093/molbev/msx138 (CYP1B1), CYP2D6, CYP2D7, CYP2W1, and the dehydrogenase/reductase 9 gene (DHRS9). Furthermore, 1KGP-EAS showed enrichment of genes involved in insulin secretion and cellular response to glucose stimuli (P ¼ 5.1E-4), and in MGU, the group related to axon structure and function showed signs of enrichment (group P value ¼ 2.0E-6). In both 1KGP-EAS and MGU, the ontology groups associated with the immune system and related diseases, which shared human leucocyte antigen genes, were significantly enriched (P < 0.05).
Discussion
We have discovered a signature of very recent positive selection in humans; this signature is unique to Mongolians, phenotypically and functionally significant, and located in a region previously reported to be associated with multiple traits. The use of high-density SNP arrays and the highdetail reference panels allowed us to identify the selection signals at subrare variants, which were not reported in a previous genome-wide scan (Xing et al. 2013 ). The positively selected variant, rs117799927 G, showed association with adiposity and functional significance in transcriptional regulation in cells of adipocyte lineage, which suggests that the target of selection here was a phenotype(s) related to the regulation of energy balance. Elucidation of the anatomy of such selection signals will provide new insights into the evolution of modern humans in East Asia. Previous studies on recent adaptive evolution in humans have detected loci that underwent positive selection several tens of thousands of years ago (Bersaglieri et al. 2004; Li et al. 2007; Bryk et al. 2008; Itan et al. 2009; Ohashi et al. 2011; Kamberov et al. 2013; Allentoft et al. 2015; Mathieson et al. 2015; Yang et al. 2016) . The most recent selection, at the lactase gene (LCT) in Europeans, dates back to $4,000 years ago (Allentoft et al. 2015; Mathieson et al. 2015) . The mean estimated age of selection at 3p12 (1,500 years ago) is less than that of the event at LCT. Simulations with a uniform prior of s between 0 and 0.2 resulted in slightly older age estimation; however, the mean estimated age (2,130 years ago) was still younger than the event at LCT. Moreover, even the oldest estimated age here (5,850 years ago) is less than the expected selection age of other genes, including the ATP-binding cassette subfamily C member 11 gene, ADH1B, the ectodysplasin A gene, and several pigmentation-related genes. Thus, the positive selection at 3p12.1 in Mongolians can be considered as one of the youngest natural positive selection events in modern humans ever reported.
The beginning periods of positive selection at 3p12.1 or the ages of rs117799927 G are consistent with historical records and the geographic distribution of the allele. The ancestry of Mongolians $1,500 years ago can be traced back to a clan of Shiweis, the nomadic hunters who lived in the Argun River basin near the Greater Khingan Range from the 6th to the 10th century (Elina-Qian 2005). The Shiweis were described as minor tribes living in this remote area of China who paid tribute, or were subordinated, to Chinese dynasties (ElinaQian 2005); this suggests that the Shiweis made only a small contribution to the gene pool of other East Asians. The Shiweis are regarded as an ancestor group of several present-day ethnic groups in Central and Northeast China, such as the Daur, Hezhen, Oroqen, Tu, and Xibo, who were suggested to possess signature of selection at rs117799927 G allele and share genetic ancestry with MGU (supplementary figs. S2 and S5, and table S4, Supplementary Material online). Moreover, the ancestries of the populations with the selection signal 2,130 years ago can be found in the Xianbei, a nomadic group existed in the present day-Mongolia and Northeast China (Elina-Qian 2005 ). An ancient DNA study suggested a limited genetic impact of Xianbei on the present-day Han Chinese (Zhao et al. 2015) . Accordingly, the notion that selection at 3p12.1 occurred in the Shiweis 1,500 years ago or in the Xianbei 2,130 years ago can explain the distribution of the G allele in the present populations, and vice versa.
The timing of the selection at 3p12.1 synchronized with the Late Antique Little Ice Age (LALIA; 536-660 AD), the sudden and continued cooling event that was induced by volcanic eruptions (Büntgen et al. 2016) . LALIA is regarded as one of the environmental drivers of the crop failure, famine, and plague and the societal reorganizations that occurred in this era (Büntgen et al. 2016) . The traditional nomadic lifestyle in present-day Mongolia is frequently disrupted by anomalous winter conditions (known as "Dzud" in Mongolia), which indicates the potential vulnerability of nomadism to extreme weather (Rao et al. 2015) . Therefore, LALIA would have exerted strong adverse effects on the survival of nomads in Late Antiquity. Under the prevalent harsh conditions, adiposityrelated rs117799927 might have produced differences in fitness by altering the efficiency of energy storage and cold resistance. The results of our enhancer-reporter assay suggested that rs117799927 can alter gene-expression patterns of cells of adipocyte lineages. Moreover, rs117799927 affected the occupancy of several transcription factors, including PXR, RXRA, VDR, and FOXP3. VDR and RXRA are recognized to be involved in the regulation of adipogenesis (Wood 2008) . VGLL3, a nearby gene, encodes a transcription cofactor that regulates adipocyte differentiation, and its expression level was correlated with body weight and fat mass in mice (Halperin et al. 2013 ). Moreover, VGLL3 was shown to have distinctive expression patterns between white adipose tissues and brown adipose tissues in humans and rodents (Baboota et al. 2015) , suggesting the involvement of this gene in development of thermogenic brown adipocytes and a role in resistance to cold exposure. We and other groups have reported that thermogenic variation of genes related to brown adipose tissues are also associated with resistance to obesity in modern human populations, probably because of their higher energy expenditure (Nakayama et al. 2013; Yoneshiro et al. 2013) . The association between leaner phenotypes and the rs117799927 G allele in Mongolians might be explained by the higher thermogenic activity of this variant, which would be more adaptive in the past cold periods. CADM2, another nearby gene, showed association with obesity in humans, and the expression of this gene in the frontal and anterior cingulate cortices implied an involvement in the reward system rather than in the direct regulation of peripheral energy homeostasis (Speliotes et al. 2010; Berndt et al. 2013; Locke et al. 2015; Ibrahim-Verbaas et al. 2016) .
Polymorphisms of the genes in 3p12.1 and their orthologs have been reported to show associations with multiple traits related to reproductive success in humans and other animals (Elks and Ong 2011; Cousminer et al. 2013; Perry et al. 2014; Ayllon et al. 2015; Barson et al. 2015; Day et al. 2016) . For example, VGLL3 polymorphisms are associated with the onset of menarche and pubertal growth in humans (Elks and Ong 2011; Cousminer et al. 2013; Perry et al. 2014) and the age at maturation and body size in salmon (Ayllon et al. 2015; Barson et al. 2015) , and CADM2 polymorphisms are associated with physical and neurobehavioral traits that determine reproductive success in humans (Day et al. 2016) . Adiposity itself is a major factor that controls sexual maturation in humans, and, furthermore, rs117799927 might directly influence the aforementioned phenotypes by modulating the expression pattern of VGLL3 and/or CADM2. Testing the relevance of rs117799927 to these fertility-related traits in humans could be valuable because it might provide a plausible explanation for the rapid increase of rs117799927 G allele in MGU, such as that the G allele is associated with higher fertility rates than the A allele.
A previous study on the genome of the Maasai, a nomadic group in Eastern Africa, revealed signatures of positive selection in the genes involved in lipid metabolism (Wagh et al. 2012 ). Adaptation to diets likely plays an important role in shaping the genome diversity of nomadic people. MGUspecific signatures of natural positive selection were abundant in the genes involved in immune response, but we did not observe any enrichment of ontologies that can be straightforwardly linked with adaptation to diets (supplementary table S8, Supplementary Material online). However, a comparison with the selection pattern of 1KGP-EAS has revealed the landscape of local genetic adaptation to agriculture: Li et al. and Peng et al. reported that positive natural selection at the ADH-cluster genes in East Asians was relevant to the domestication of rice 10,000 years ago (Li et al. 2007; Peng et al. 2010) . The lack of selection signals in the ADH-cluster genes in MGU can be explained by the expansion of the ancient rice-farming culture not reaching the MGU homeland (Silva et al. 2015) . The loci that shared ontology terms with ADH-cluster genes showed selection signals in 1KGP-EAS but not in MGU, which supports the view that the evolution of the alcohol-metabolizing system is relevant to the agricultural innovation in East Asia. Furthermore, the enrichment of the genes in the pathway related to insulin secretion and cellular response to glucose stimuli in 1KGP-EAS might indicate that the domestication of rice triggered the adaptive evolution of the glucose-utilization system for high-starch diets.
Several questions warrant further investigation. First, our estimation of the age of rs117799927 G must be directly confirmed by analyzing ancient DNA. The large credible interval suggests an early origin of rs117799927 G allele, and our oldest estimation (5,850 years ago) predates the emergence of nomadic equestrians in Eurasia and is close to the start of horse harnessing and milking in the Botai culture (5,500 years ago; Outram et al. 2009 ); this suggests that the positive selection might be related to the development of nomadism in the Bronze Age. The timing of this selection could be revealed even more precisely by investigating the DNA of ancient nomadic groups (Changchun et al. 2006; Keyser-Tracqui et al. 2006 ). We did not find clear signatures of selection at rs117799927 in Yakut (supplementary fig. S5 , Supplementary Material online), suggesting that the selection event would not predate the divergence of Siberians and East Asians. The lack of selection signals at rs117799927 in Siberians might be confirmed using directly genotyped SNP data of a larger sample size. Second, the biological and medical significance of rs117799927 must be validated by further studies. The sample size of our association analysis was restricted by the availability of DNA samples (n ¼ 666), and therefore a replication analysis using a population with a large sample size is required. The effect of allelic difference in rs117799927 on enhancer-like activity needs to be confirmed by other molecular and cellular experiments. Variants featuring a high r 2 (supplementary fig. S6 , Supplementary Material online) must also be examined for their functional significance. Lastly, it will be of interest to precisely map the geographic distribution of rs117799927 G allele by using the direct genotyping method instead of imputation; this approach could be used to trace the "genetic legacy" of the Mongol Empire in Eurasians (Zerjal et al. 2003) .
In conclusion, in this study, we discovered a signature of a very recent and local natural selection event in Mongolians, which can be traced back to a Late Antique nomadic-hunter group in Northeast China. The variant allele's association with adiposity and functional consequences reported here and the knowledge gained from past studies together suggest that strong natural selection at the region 3p12.1 might influence energy storage and reproductive success. Our current findings contribute toward the elucidation of not only the history of nomads in East Asia, but also the etiology of obesity in Mongolians.
Materials and Methods
Studied Populations SNP genotypes of 96 MGU individuals were determined using Human Omni2.5-8 BeadChip kits (Illumina, San Diego, CA). All participants provided written informed consent. The design of this study was approved by the Ethical Committee of Jichi Medical University. In order to comply with the informed consent, we make the data available upon request. The data can only be used for academic researches and cannot be distributed to anyone else. No attempt will be made to identify or collect information of the donors. Please ask K.N. (nakayama@jichi.ac.jp, nakayama-ichidai@umin.ac.jp) or S.I. (siwamoto@jichi.ac.jp) for more details. The genotype data were merged with the genome-wide SNP data of 1,603 unrelated participants of 1KGP Phase 3, which were obtained using Omni2.5 kits (supplementary table S9, Supplementary Material online). Thus, 2,068,551 autosomal SNPs in total were successfully merged. Multi-allelic, mono-allelic, and singleton SNPs were removed, as were SNPs showing a high Very Recent Positive Selection in Mongolians . doi:10.1093/molbev/msx138 missing rate (!0.05) and deviation from the HardyWeinberg equilibrium (Fisher's exact P < 0.0001 in any of the populations). The population structure of MGU was assessed using Identity-By-Decent (IBD), principal component analysis (PCA), and ADMIXTURE analysis (Alexander et al. 2009 ). The population-structure analyses were performed using LD-pruned data sets. Five MGU individuals showed possible hidden relatedness or recent admixture with other populations and were thus excluded from further analyses. Finally, the genotypes of 1,948,650 autosomal SNPs of the remaining 91 MGU participants and the 1KGP participants were used for a genome-wide scan of recent positive selection (supplementary fig. S10 , Supplementary Material online). PCA and ADMIXTURE were also performed on the genotype data of MGU, which were merged with the 650K SNP genotype data of HGDP-CEPH (Li et al. 2008 ). Manipulation of genotype data, Hardy-Weinberg tests, IBD, and PCA were performed using SNP & Variation Suite (Golden Helix, Bozeman, MT).
Detection of Natural Positive Selection SNP haplotypes of the 1,694 individuals of the MGU þ 1KGP populations were reconstructed using SHAPEIT program (Delaneau et al. 2011 ). Three HH-based statistics, absolute values of the integrated haplotype score (jiHSj) (Voight et al. 2006) , absolute values of the new haplotype-based statistic (jnS L j) (Ferrer-Admetlla et al. 2014) , and crosspopulation extended HH (XP-EHH) (Sabeti et al. 2007 ), were calculated using selscan program (Szpiech and Hernandez 2014) . The 1KGP Yoruba in Ibadan, Nigeria (YRI) panel was used for calculating XP-EHH. To detect loci showing high degrees of population differentiation, the singlelocus fixation index (F st ) (Weir and Cockerham 1984) was calculated against the 1,432,509 SNPs that were polymorphic among MGU and 1KGP-EAS. The significance of F st was assessed based on the joint distribution with heterozygosity (Excoffier et al. 2009 ). The F st test was performed using Arlequin 3.5 (Excoffier and Lischer 2010) .
The genome-wide scan of SNPs under population-specific positive selection was performed using a combination of the 4 statistics described above. For each of jiHSj, jnS L j, and XP-EHH, SNPs showing values of >99th percentile in MGU and Ϲ90th percentile in five East Asian populations in 1KGP including Han Chinese in Beijing, China (CHB); Japanese in Tokyo, Japan (JPT); Southern Han Chinese; Chinese Dai in Xishuangbanna, China; and Kinh in Ho Chi Minh City, Vietnam (supplementary table S9, Supplementary Material online) were regarded as candidates of SNPs that underwent MGU-specific natural selection. Among 799 SNPs that met these criteria for at least one statistic, 133 SNPs showed a significantly high F st between MGU and 1KGP-EAS (P < 0.01). Inversely, SNPs featuring values of >99th percentile in at least three of the five 1KGP-EAS and Ϲ90th percentile in MGU were regarded as candidates of SNPs that underwent a natural positive selection that was common in EAS but not in MGU. Of the 1,120 SNPs that met these criteria, 206 SNPs showed a significantly high F st between MGU and 1KGP-EAS (P < 0.01). The possibility existed here that the selection signals in the common ancestor group met the aforementioned criteria by chance. Thus, we listed the SNPs that showed values of >99th percentile of jiHSj, jnS L j, and XP-EHH in both MGU and at least three of the five 1KGP-EAS. This list was used to consider the possible false-positives; if a population-specific selection signal was near arrays of common selection signals (physical distance of <1 Mb), it was regarded as potentially being a part of the natural positive selection that occurred before population splits.
Computer Simulation
Approximate Bayesian computation (ABC) was applied to estimate the age of rs117799927 G by using a stochastic population-genetics model (two-locus two-allele model) that assumed positive selection, random genetic drift, and recombination (Ohashi et al. 2004 (Ohashi et al. , 2011 Kawashima et al. 2012) . A genic selection was assumed for rs117799927 G (i.e., relative finesses of G/G, G/A, and A/A were 1, 1 À s, and 1 À 2s, respectively). Two SNPs, rs76972735 and rs72924317, whose minor allele frequency was >0.05 and which were in LD with rs117799927 in MGU (supplementary fig. S4 , Supplementary Material online), were selected as marker SNPs, and one of these SNPs was used together with rs117799927 in each simulation run. The recombination rate or genetic distance between rs117799927 and each marker SNP was obtained from the HapMap database (International HapMap Consortium 2007) . The diploid population size, N, was set to be 10,000 (i.e., 20,000 chromosomes). Four haplotypes carrying a G or A allele at rs117799927 and an M 1 or M 2 allele at a marker SNP were used in this model, wherein M 1 represented an allele in positive LD with rs117799927 G in MGU. The frequencies of the G-M 1 , G-M 2 , A-M 1 , and A-M 2 haplotypes at generation t were denoted by f 1 (t), f 2 (t), f 3 (t), and f 4 (t), respectively. The initial haplotype frequencies were set as f 1 (0) ¼ 1/(2N), f 2 (0) ¼ 0, f 3 (0) ¼ f À 1/(2N), and f 4 (0) ¼ 1 À f, where f represents an allele frequency of M 1 in 1KGP-EAS. Because rs117799927 does not appear to have been subjected to positive selection in 1KGP-EAS, the present frequency of M 1 in 1KGP-EAS is expected to be almost equal to the population frequency when the mutation of rs117799927 G appeared in MGU. Two uniform priors for selection coefficient, s $ U (0, 0.5) and s $ U (0, 0.2), were examined, and s was drawn by a random-number generator in every simulation run. When the frequency of rs117799927 G exceeded 0.247 (i.e., the present frequency of rs117799927 G in MGU) for the first time, the run was stopped and the t, f 1 (t), f 2 (t), f 3 (t), f 4 (t), and r 2 at the generation were recorded. To evaluate the similarity between simulated and observed haplotype frequencies, was calculated. Here, as the simulated haplotype frequencies, f 1 (t), f 2 (t), f 3 (t), and f 4 (t), approach values close to the current frequencies of the corresponding haplotypes in MGU, f 1 , f 2 , f 3 , and f 4 , the value of e approaches 0. The rejection method (Ohashi et al. 2004 (Ohashi et al. , 2011 Kawashima et al. 2012 ) was used to Nakayama et al. . doi:10.1093/molbev/msx138 accept only those simulation runs that resulted in 1) e < 0.01 and 2) r 2 in the range of 65% of the observed value. In total, 300 runs were accepted for each marker, and the mean and the 95% credible interval of s and t were obtained. It should be noted here that the age of rs117799927 G is not given as a prior. The fixed parameters used in the simulation are shown in supplementary table S5, Supplementary Material online.
Other Methods
Details of the imputation, association analysis, enhancerreporter assay, enrichment test, and validation of the ABC method are shown in the supplementary Methods, Supplementary Materials online.
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Supplementary data are available at Molecular Biology and Evolution online. 
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